Different culture conditions for cartilage tissue engineering were evaluated with respect to the supply of oxygen and glucose and the accumulation of lactate. A computational approach was adopted in which the culture configurations were modeled as a batch process and transport was considered within constructs seeded at high cell concentrations and of clinically relevant dimensions. To assess the extent to which mass transfer can be influenced theoretically, extreme cases were distinguished in which the culture medium surrounding the construct was assumed either completely static or well mixed and fully oxygenated. It can be concluded that severe oxygen depletion and lactate accumulation can occur within constructs for cartilage tissue engineering. However, the results also indicate that transport restrictions are not insurmountable, providing that the medium is well homogenized and oxygenated and the construct's surfaces are sufficiently exposed to the medium. The large variation in uptake rates of chondrocytes indicates that for any specific application the quantification of cellular utilization rates, depending on the cell source and culture conditions, is an essential starting point for optimizing culture protocols.
Introduction
Articular cartilage has a limited healing capacity under in vivo conditions. Therefore in vitro tissue engineering (TE) has been proposed as a way of providing suitable transplant material for clinical repair of cartilage damage. It has been shown that the functional development of a tissue engineered cartilage construct is governed to a large extent by the bioreactor environment to which it is exposed. The main types of bioreactors that have been employed in cartilage TE studies include static or orbitally shaken Petri dishes, mixed culture in spinner flasks, concentric cylinder bioreactors, rotating wall vessel (RWV) bioreactors, and perfusion bioreactors (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . Static culture tends to produce constructs with an inhomogeneous matrix distribution, with enhanced deposition in the periphery. Mixing enhances mass transfer, increasing both the amount of GAG synthesized and the amount of GAG released to the medium (11) . Constructs cultured in RWVs displayed uniform cartilage formation and contained the highest amounts of ECM components (3) . This resulted in the lowest permeability and the highest equilibrium, which are among the most important parameters that determine the suitability of a tissue engineered construct. In general perfusion through or around constructs enhances matrix synthesis (5, 6, 10) , although it has also been reported that matrix production can be inhibited (7) . In addition, bioreactors have been specifically designed to incorporate some form of mechanical stimulation, such as fluid shear stress, hydrostatic pressure, and dynamic compression, which have been found to be beneficial for cartilage matrix biosynthesis (12) (13) (14) (15) (16) (17) (18) .
Given the variability in bioreactor configurations numerical models could prove essential in enabling a comparison between results obtained in different studies.
In addition, establishing quantified relations between the bioreactor culture conditions and the resulting tissue properties will greatly benefit the design of optimized bioreactors and culture protocols. Numerical studies have focused on the characterization of the complex hydrodynamic environment that can occur around the construct (12, (18) (19) (20) , as it is known that excessive fluid shear stress results in the formation of a fibrous capsule around the construct, whereas a low shear environment enhances chondrogenesis. Also, at the microscopic level the local fluid-induced shear stress experienced by the chondrocytes in a porous construct has been evaluated numerically (20) . Besides the mechanical environment, the functional development of TE cartilage depends on an adequate supply of nutrients to the construct. A number of studies have investigated this issue for specific bioreactors. Fresh medium supply has been assessed by computing the flow through a porous construct in a spinner flask (19) . Also the fluid flow in combination with oxygen mass transfer to and within TE constructs has been modeled in a concentric cylinder bioreactor (12) . At the construct level nutrient diffusion, oxygen uptake, matrix biosynthesis, and cell growth within TE cartilage constructs have been modeled (10, (21) (22) (23) (24) . The largest source of uncertainty in modeling studies, however, is associated with the cell behavior, both qualitatively and quantitatively. Most modeling studies consider only one metabolite, most often oxygen. It has been shown, however, that GAG synthesis is affected by nutrient availability (25) , pH (26) , and oxygen (27) (28) (29) (30) (31) (32) (33) (34) . Complicated interactions exist between chondrocyte energy balance and matrix metabolism, and the precise regulation mechanisms remain largely unknown (28, (35) (36) (37) (38) (39) (40) .
To obtain a more complete picture of the biochemical environment of chondrocytes within a TE construct, it is necessary to include in a model all of the main metabo-lites, namely, glucose, oxygen, and lactate. In most cases nutrient transport has been modeled as steady state assuming constant boundary conditions, which is justified for a large medium volume. However, current TE studies are essentially batch processes in which a large medium volume may not be optimal, since a balance exists between the retention of beneficial growth factors produced by the cells and the prevention of an accumulation of inhibitory waste products. Modeling the effect of a finite medium volume can therefore prove useful with respect to optimizing culture conditions. The objective of this study is to predict the distribution of the these three metabolites, which determine chondrocyte biosynthesis and survival, as a function of time, within a TE cartilage construct subjected to different culture conditions. The model is designed to compare representative culture configurations, based on the same cellular behavior. The following questions will be addressed: First, does significant nutrient depletion occur at the high cell concentrations required for chondrogenesis (1)? Second, to what extent can mixing and perfusion influence metabolite distributions within the construct, particularly secondary mixing associated with dynamic compression experiments? Finally, do the increasing transport limitations due to matrix accumulation (41) significantly affect metabolite distributions?
Methods
A finite element approach was adopted in order to evaluate the effect of mixing and perfusion on the time dependent metabolite concentrations within TE constructs. A 4% agarose construct was considered with a high cell concentration of 40 × 10 6 cell cm -3 , a diameter of 10 mm, and a thickness of 3 mm. The construct was supplied with 10 mL of medium for a 48 h period between medium exchange, equivalent to 1.9 × 10 6 cell mL -1 day -1 (21, 25) . Initially, modeling was restricted to diffusion alone. First, to investigate the effect of mixing, three representative basic culture configurations were considered, namely, a Petri dish, with and without a loading platen, and suspended in a simple tube ( Figure 1A -C). For each setup, two extreme cases were considered: In the static case it was assumed that transport is governed only by diffusion and both the construct and the surrounding medium were modeled. By contrast, in the mixed case it was assumed that the medium is fully homogenized and fully oxygenated and only the construct itself was modeled, while the external medium was represented by a bulk volume. Transport of a solute in the construct and medium is described by the mass balance including Fick's law for diffusion:
where c [mol m -3 ] is the solute concentration in the fluid phase, n f is the fluid volume fraction [-] 
] is the effective diffusion coefficient, and
] is a source term that represents cellular utilization or production.
A much simplified model of chondrocyte metabolism was adopted. Oxygen and glucose utilization were described by the Michaelis Menten relationship (21, 34, 42, 43) . In eq 1 the source terms q ox for oxygen and q glc for glucose are given by
] is the maximum uptake rate,
] is the concentration at which the half- 
maximum rate occurs, and
] is the cell concentration per unit construct volume. Two assumptions were made, namely: (1) Glucose and oxygen were solely used in the energy metabolism, i.e., glycolysis and oxidative phosphorylation, and not, for example, for matrix synthesis. (2) There were no significant intermediate metabolites present and no storage in the form of glycogen occurred. Therefore the lactate production rate q lac is given by the following expression:
From the literature as summarized in , which were established for the same culture system for long-term culture under tissue engineering conditions (21, 27) . In addition, the maximum values for the uptake parameters (Table 1) were used, namely, V ox ) 1 × 10 -13 mol cell
. The constants K m ox ) 6 µM for oxygen (42) and K m glc ) 0.35 mM for glucose (43) represent values for chondrocytes.
The diffusion coefficients D 0 for the three metabolites in the medium were set to the values for water at 37°C (Table 2) . From these values the diffusion coefficients in the construct were estimated using the Mackie and Meares relation:
85 for all solutes (44) (45) (46) , based on n f ) 0.96 for 4% agarose (47) . The accumulation of matrix components during culture can significantly reduce diffusivity (41) . Therefore a parameter variation was carried out, setting the construct diffusion coefficients to values representative for mature cartilage, as indicated in Table ( 2). The volume fraction for cartilage in eq 1 was set to n f ) 0.85 (48) .
The essential boundary conditions for oxygen at the free surfaces (Figure 1 ), as well as the initial value for oxygen were set to 192 µM, based on 21% O 2 in air, an incubator atmosphere consisting of 5% CO 2 , fully saturated with water (vapor pressure ) 0.0618 atm) and an oxygen solubility of 10.268 µM % O 2 -1 at 37°C (34) . The initial value for glucose was set to 25 mM, based on medium containing 4.5 g L -1 glucose and no serum (25, 27) . The initial value for lactate is zero. In the mixed case the essential boundary conditions were adjusted by computing the solute fluxes in and out of the construct and the accompanying changes in the bulk medium concentration. The finite element package Sepran was used for all calculations (49) . Axisymmetric 6-node triangular elements were employed for the diffusion computations ( Figures 1A-C) . The number of elements ranged from 5178 in the mixed cases to 18060 for the static flask. The transport and source term equations were solved separately using Strang operator splitting (50). Crank-Nicholson time integration was used for the transport term and Runge-Kutta time integration for the biokinetic source term. The numerical solution procedure for the two-dimensional axisymmetric transport and uptake was validated by comparing computed concentration profiles with the corresponding analytical solutions. This was done for the case of unsteady diffusion combined with first-order reaction in a short cylinder, with constant boundary conditions and zero initial conditions (51, 52) .
In case of perfusion it was assumed that the construct was placed between porous filters and was fully confined ( Figure 1D ), such that fluid could only enter or leave the construct through the top and bottom surfaces. The construct was subjected to an external pressure difference and solute transport was evaluated. For comparison, the nonperfused case with zero external pressure was computed. In both the perfused and nonperfused cases it was assumed that the external medium was fully mixed and oxygenated. In addition it was assumed that there was no delay due to the tubing and pumping system, and therefore the same concentration boundary conditions were applied on the top and bottom surfaces of the construct. As a first approximation the confined perfusion case was considered to be a one-dimensional problem, which is justified for low flow rates. A computational method was used that has been described previously (53) . Briefly, a biphasic finite element formulation was used to derive the time varying displacement and fluid velocity field, which were subsequently used to solve the convection diffusion equations for the different solutes. The method fully accounts for finite deformation, variable fluid volume fractions and cell density. Solute transport and source terms were solved separately using the same operator splitting approach and time integration methods as employed for the diffusion problems Figure 1A -C. The biphasic problem was solved using 9-node quadrilateral plane strain elements. A mixed finite element method was used in which the solution variables were the solid phase displacement, Darcy flux and pressure. The number of elements used was 60, and Crank-Nicholson time integration was employed. The biphasic mechanics finite elements were only used for the perfusion problem ( Figure 1D ) and have been validated for confined compression.
For 4% agarose the aggregate modulus Ha ) 10.55 kPa and the permeability K ) 6.62 × 10 -14 m 4 N -1 s -1 were selected (47) . A pressure p ) 2 kPa was applied to the top surface, resulting in an overall deformation of approximately 10% in the steady state. The pressure was applied in 60 s. Since the mechanical properties of the construct are functions of the extracellular matrix formed, a parameter variation was carried out, in which values representative for mature cartilage were considered: Ha ) 0.5 MPa and
, n f ) 0.85 (48) . In this case a pressure p ) 100 kPa was chosen to result in approximately 10% overall deformation of natural cartilage.
Results
The oxygen concentration within the construct and the surrounding medium after 48 h is shown in Figure 2 , for the case of static culture in the Petri dish, with and without loading platen and suspended in the tube. It can be observed that significant oxygen depletion occurs, with oxygen concentrations in the construct approaching zero. For the Petri dish, oxygen is almost depleted near the center of the construct (Figure 2A ). Application of a loading platen extents the region of oxygen depletion to a large proportion of the construct ( Figure 2B ). For the case of culture suspended in a tube, the large diffusion distance results in a zero oxygen level throughout the entire construct ( Figure 2C ). Compared to oxygen, more radial gradients develop for glucose in the Petri dish, due to the absence of an essential boundary condition on the top surface ( Figure 3A) . The glucose level within the construct is the lowest for the compression setup, while the tube setup shows the smallest glucose gradients (Figure 3 ). Glucose depletion is not evident in any of the culture conditions. A similar, though reversed, picture arises for lactate. High levels of lactate can be observed in the center region of the construct in the Petri dish. Lacate accumulation within the construct is the highest in the compression setup and the lowest in the tube setup (Figure 4) . The results for oxygen, glucose and lactate at 48 h in the presence or absence of perfusion are shown in Figure 5 . It can be seen that even without perfusion no significant differences in concentration develop within the construct, with internal concentrations mainly controlled by the well-mixed bulk medium. Perfusion does not alter these results. Besides the effect of deformation due to the applied pressure gradient, the concentration profiles remain similar and fluid flow does not result in asymmetry. The same holds for perfusion in the limiting case using properties of mature cartilage (data not shown). Figure 6 shows the temporal profile of oxygen, glucose, and lactate within the construct in the Petri dish. After an initial phase, the minimal glucose decreases and the maximum lactate increases at a steady rate, while oxygen decreases rapidly to an equilibrium value by 2 h. The transient behavior in the other culture setups is comparable, with the exception that in the tube it takes substantially longer (24 h) for oxygen to reach the steady state as a result of the longer diffusion distance from the free surface (data not shown). The results for all culture setups at 48 h are summarized in Figure 7 . Comparing the static to the mixed case reveals that mixing can significantly increase the oxygen and glucose levels and decrease the lactate level within the construct. This is particularly the case with the Petri dish, where mixing increases the minimal oxygen from close to zero to half the ambient level ( Figure 6A, Figure 7A ). In the case of mixing, it can be observed that the minimal concentrations of oxygen and glucose are directly related to the effective surface area of the construct exposed to the surrounding medium (Figure 1, Figure 7A ,B). The lowest values occur for the compression setup, where only the side surface is free as a result of the impermeable loading platen on top ( Figure 1B) . The perfusion setup gives approximately the same results as the tube; thus the radial confinement ( Figure 1D ) does not appear to affect the minimal levels. The results for lactate in the case of mixing show basically the same picture; only the trends are reversed ( Figure 7C) . Figure 8 shows a selection of the results for the parameter variation of construct diffusivity. Accounting for the properties of mature cartilage results in lower oxygen and glucose levels and higher lactate levels (data not shown), for all culture setups and mixing conditions. These effects are most pronounced for the Petri dish and compression setup (Figure 8 ). Varying the uptake rates to the maximum values results in more marked differences. In contrast to the reference situation, even the mixed cases now show severe oxygen depletion ( Figure   9A -C). For all mixed cases oxygen is zero at approximately 1 mm from a free surface, therefore even when all surfaces are exposed ( Figure 9C) , a large central region of oxygen depletion is present. For the static cases the depleted region is even larger (data not shown). Varying the glucose uptake rate to the maximum value leads to severe glucose depletion within the timespan considered, for all cases except the mixed tube ( Figure  9F ). A clear difference with oxygen lies in the finite amount of glucose in the medium, which becomes relevant to the high uptake rate. As zero glucose is reached in the center of a construct, the glucose uptake becomes zero. Therefore situations with less effective surface area exposed to the medium have a net lower glucose consumption. This explains the higher boundary value and therefore larger glucose penetration depth for the mixed compression setup ( Figure 9D ) compared to the mixed Petri dish ( Figure 9E ).
Discussion
The main results of this work are as follow. First, under static conditions severe oxygen depletion can arise within constructs for cartilage tissue engineering ( Figure  7A) . Second, the use of high glucose medium guarantees an adequate glucose level within the construct during a 48 h period between medium refreshment, independent of the transport limitations imposed by the different culture configurations ( Figure 7B ). Third, because of this large glucose quantity, however, significant lactate ac- cumulation can occur ( Figure 7C) . The outcomes also demonstrate that, in principle, mixing can indeed lead to a significant improvement in mass transfer compared to the static case. Depending on the culture setup different effective surface areas of the construct will be exposed to the medium, which is reflected in the metabolite concentrations within the construct ( Figure 7) . As opposed to the static case, the results indicate that oxygen transport to the center of the construct is unlikely to be limiting, provided that the medium is well oxygenated and access to the medium is not too restricted. Also for glucose and lactate, transport to the center appears not to be limiting, provided the medium is well mixed. Boundary values change over time because of the finite medium supply, but no significant differences occur between the center and periphery of the construct ( Figure  5 ). This is consistent with observations that by increasing the bulk medium volume, homogeneous matrix distribution could be attained in 4 mm thick alginate constructs, seeded at the same cell density as in the present study (40 × 10 6 cell cm
) (54). However, these results do not imply that the supply of small metabolites is not an issue for cartilage tissue engineering in general. With respect to matrix synthesis, it has to be emphasized that not only is the presence or absence of nutrients relevant, but also the concentration level (4, 21, (26) (27) (28) . In general, for specific culture conditions, nutrient levels in the construct are determined by the ratio between the characteristic times for diffusion and uptake. For example, higher cell concentrations in constructs of similar size lead to lower oxygen values. Furthermore, in the parameter variation study it was shown that by using maximum literature values for cellular glucose and oxygen uptake severe nutrient depletion occurred, even under optimal mixing conditions ( Figure 9 ). In addition the boundary conditions in the model for the mixed situation were based on the assumption of the limiting case of well-mixed and fully oxygenated medium. From studies using a tracer dye it was concluded that spinner flasks and RWV bioreactors closely approximated perfectly mixed conditions (55) . However, the measured oxygen level in the medium ranged from 65% to 87% of the equilibrium with the incubator atmosphere in RWV and spinner flask culture (11, 27) . In addition, depending on the local flow environment concentrations around the construct may be lower due to cellular uptake (12) .
In previous computational studies, concentration profiles within constructs have been computed on the basis of values in the surrounding medium (10, (21) (22) (23) (24) . Except in the study by Malda (22) , computed solute concentration profiles have not been confirmed by direct experimental measurement. In the latter study it was shown that measured oxygen profiles, within tissue engineered constructs, could be represented computationally based on diffusion and Michaelis Menten kinetics, which supports the assumptions of the present model. It was also shown that for the PEGT/PBT scaffold the chondrocyte distribution was highly inhomogeneous, which had to be taken into account in the model, although in the present study the cell concentration within the agarose model system is considered to be homogeneous as a result of construct preparation by gelation of a cell suspension. Using the same uptake rate as in the present study, oxygen profiles have been predicted numerically for constructs of similar thickness, originally seeded at a very high density of 127 × 10 6 cell cm -3 , which is three times the cell density considered in the present study (21) . As a result of this high cell concentration, in combination with a lower oxygen concentration (65% saturation) in the surrounding medium, a low oxygen level (5% saturation) was predicted in the center of the construct. By contrast, for the comparable case of the mixed tube in the present study the minimal oxygen did not decrease significantly and remained at a high value of 84% saturation ( Figure 7A ). In a computational study, mass transfer to the construct in a bioreactor for cartilage tissue engineering was evaluated for a maximum oxygen uptake rate of 5 × 10 -13 mol cell -1 h -1 based on mammalian cells in general (12) , which is five times higher than the maximum value reported for chondrocytes in Table 1 . At such a high uptake rate the oxygen supply to the center of the construct would be inadequate, since the maximum oxygen uptake value in Table 1 resulted already in a full depletion of oxygen in a large part of the construct (Figure 9A-C) .
The question was posed whether mechanical stimulation experiments can be affected by mixing of the medium due to dynamic compression. The results indicate that an effect of higher oxygen and lower lactate levels cannot be excluded, while an influence of glucose seems less likely. Although in the compression setup ( Figure 1B ) the minimal value for oxygen remains low, mixing results in higher oxygen levels in a much broader zone within the construct. Lactate levels are also reduced significantly. Glucose on the other hand is present in sufficient quantities in the construct for both mixed and static cases ( Figure 7) . It has been shown previously that fluid velocities within the construct induced by cyclic compression are too low to influence the transport of small solutes significantly (53, 56) . Therefore, as a first approximation only the effect of the presence of the loading platen was investigated in the present study. However, static compression of the construct reduces the fluid volume fraction depending on the magnitude of loading, which has been shown to affect diffusion of small molecules via the Mackie and Meares relationship (45) .
The issue was raised whether medium refreshment around, or perfusion through the construct is more important in determining matrix synthesis (57) . For the perfusion setup in the present study it was assumed that the medium surrounding the construct was well mixed in all cases, corresponding to medium perfusion around the construct. Under these conditions no significant gradients developed within the construct. Additional perfusion through the construct did not influence the concentration profiles ( Figure 5 ). This would indicate that with respect to small key molecules the main effect of perfusion is related to medium refreshment around the construct. The perfusion pressure applied in this study was limited, however, to avoid excessive deformation of the agarose construct. Because of the very low resulting fluid velocity of 0.05 µm s -1 it takes 8 h to reach the center of the construct with thickness l ) 3 mm, while the characteristic time T D glc for the diffusion of glucose to the center is T D glc ) l 2 /4D glc ) 0.8 h. In principle a stiffer or more permeable construct would allow for higher flows. For PGA and PLLA/PGA scaffolds perfusion velocities ranging from 1 to 170 µm s -1 have been applied (5, 6, 8) , which are high enough to affect the transport of even small molecules significantly.
Diffusive properties representative for native cartilage were taken as a limiting case to investigate the effect of matrix accumulation during culture. For both the initial construct and the case of native cartilage the diffusive properties were assumed to be homogeneous, while in fact the matrix distribution can be highly inhomogeneous (58) . For an inhomogeneous matrix distribution the solution lies between those of the initial construct and the case of native cartilage as the end point of tissue formation. For most culture configurations it was found that the effect of varying the diffusive properties on solute transport is relatively limited for small solutes ( Figure  8 ). However, important solutes such as growthfactors and cytokines are large molecules, for which far greater transport restrictions can arise (45) .
In comparing the results for the initial construct properties and the limit of mature cartilage, it was assumed that the cellular uptake remained constant. Under tissue engineering conditions, it has been observed that the cell density increased by 60% in 5 weeks, which would be associated with a proportional increase in uptake rate. It has been observed, however, that the cumulative glucose utilization and lactate production was highly linear over the culture period (27) , which supports the constant uptake rate that was assumed and implies an actual decrease in per cell uptake and production. Also, the per cell oxygen consumption has been found to decrease over 41 days, which has been attributed to enhanced chondrogenic differentiation (22) . Simulations using the reference uptake rate at two times the cell density (i.e., for 80 × 10 6 cell cm -3 ) show that low or zero oxygen is reached for all culture configurations except the mixed tube and perfusion setup, which remain above 67% saturation. At this cell density, glucose depletion in the construct occurs only for the compression setup in the absence of mixing.
The results of the parameter variation of cellular uptake ( Figure 9D-F) show that, for different culture configurations, the overall uptake can be limited by transport restrictions, as opposed to decreased cellular demand. Under conditions of nutrient limitations cellular regulation mechanisms become more important. Articular chondrocytes have been shown to display either a decrease in glycolysis as a function of decreasing oxygen (28, 30, 39) or by contrast, an increase (Pasteur effect) (27, 29, 32, 59) , modulated by differences in culture conditions and associated dedifferentiation. As a first order estimation, the model assumed that glucose and oxygen uptake were uncoupled, although such regulation mechanisms can be subsequently included.
Although not the specific aim of this study, it has to be emphasized that because of the large variation in cellular uptake rates, no general guidelines can be given with respect to allowable cell concentrations. Therefore, for any specific application, the quantification of cellular utilization rates, depending on the cell source and culture conditions, is an essential starting point for optimizing culture protocols. It has been observed, for example, that chondrocytes subjected to hydrostatic pressure display a fall in glycolytic rate (38) . An open question remains, however, whether other types of mechanical stimulation can alter cellular uptake significantly. Such an effect would have important implications for the optimization of culture protocols, since a compromise might have to be reached between mechanical stimulation and the supply of nutrients to the center of the construct. For instance, the same number of loading cycles distributed over short intervals stimulates proliferation to a larger extent than longer consecutive loading periods (60) . In addition, it would be valuable to determine to what extent dynamic compression induces mixing in the surrounding medium, to evaluate implications for the use of stationary controls. Apart from mixing, improving the transport of small solute species by perfusion through the construct, requires that care must be taken to select scaffolds, which are stiff but highly permeable, to prevent excessive deformation.
It has to be explicitly emphasized that the results of the present study are computational predictions that require experimental validation. With respect to oxygen, concentration profiles can be measured by phosphorescence quenching microscopy (61) or microelectrodes (22) for this purpose. Additional measurements can be used to verify the modeling assumptions. For example, cell viability profiles have been measured by fluorescence microscopy in a one-dimensional model system (33) . In the comparison with experiments the model may need to be refined by incorporating the effect of distributions of matrix formation, which can be quantified based on histological staining (33, 58) . A prerequisite for the practical application of numerical modeling as an engineering tool in cartilage tissue engineering is the additional experimental identification of critical values, or favorable parameter domains, with respect to matrix synthesis and viability. In general, following the time course of the concentrations in the bulk medium is important, for the interpretation of measurements and the prediction of concentrations within the construct. Furthermore, combining such (on-line) measurements with relatively simple numerical models can prove useful for future bioreactor control applications (55, 62) . The type of numerical modeling employed in the current study is suited to quickly provide first order directions in the design of bioreactor setups and culture protocols. For example, as a first order approximation the case of the mixed tube can be compared to a free floating construct in a rotating bioreactor. In this study the best nutrient supply was found for the mixed tube configuration. However, to achieve optimal functionality, mechanical stimulation could prove essential (63) . A further design criterion will therefore be to incorporate dynamic compression and to perform efficient mixing and oxygenation, while avoiding possibly excessive shear stress (3, 5, 55) . For this purpose, the present model for cellular processes within tissue engineered constructs can be combined with computational fluid dynamics for the hydrodynamic environment (12, 18, 19) . Furthermore, by incorporating the flow field, mass transport both within the construct and surrounding medium can be evaluated for common bioreactors such as the RWV or concentric cylinder bioreactors (12) . Subsequently, based on experiments, the predictive value of the model can be extended by establishing and incorporating regulation mechanisms of matrix metabolism and cell proliferation (21, 24) .
